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Antireflection with broadband and wide angle properties is important for a wide range of applications on photovoltaic cells and display. The SiOx shell layer provides a natural antireflection from air to the Si core absorption layer. In this work, we have demonstrated the random core-shell silicon nanowires with both broadband (from 400nm to 900nm) and wide angle (from normal incidence to 60 o ) antireflection characteristics within AM1.5 solar spectrum. The graded index structure from the randomly oriented core-shell (Air/SiO x /Si) nanowires may provide a potential avenue to realize a broadband and wide angle antireflection layer. For next generation photovoltaic cells, one of the key challenges for further development is how to achieve broadband and wide angle antireflection at the front surface within the AM1.5 solar spectrum. With the rapid progress of nanotechnology, many nano scale photonic devices as small as 30nm have been realized, which are very promising to achieve manipulation of photons at chip scale and having broad applications in renewable energy (photovoltaic cells, solid state lighting), telecommunications and bio medical field.
1 A number of methods for enhancing optical absorption have been proposed, including the use of dielectric photonic structures 2-18 or plasmonic metallic nanoparticles. [19] [20] [21] Silicon nanowires (SiNWs) have attracted extensive interests because of its potential applications in future nanoscale renewable energy devices. Many SiNWs have been fabricated by various techniques, such as the Vapor-Liquid-Solid (VLS) method, [22] [23] [24] Templatebased methods, 25, 26 lithography 27 and nanoelectrochemistry method. 28 Low reflectance SINWs has also been demonstrated. 29, 30 In order to realize the broadband and broad angle antireflection, graded index nanowires with high index Si as core layer, low index SiO x as cladding layer, and randomness are showing promises. 31, 32 In this work, we have demonstrated SiNWs with a core-shell structure using VLS method which has potential for large area photovoltaic cell applications. The VLS is a successful method that is applied in SiNWs. The core-shell structure shows good light trapping property at wide range of visible light and broad angle, as the graded index from the core-shell (Si/SiO x ) nanowire structure provides natural antireflection characteristics. Present SiNW works on photovoltaic field are largely focused on how to fabricate aligned and ordered nanowire arrays to increase device efficiency, 33 although the high costs associated with complicated process makes it difficult to apply in large scale. Here, we introduce a structure that can be produced in a large scale and has a core-shell structure with high index Si as core layer and low index SiO x as cladding layer, which can be utilized in Si based solar cell as the broadband and broad angle antireflection layer. Further analysis shows the a e-mail: yys@alum.mit.edu reflectivity is decreased significantly across the broadband from 400nm to 900nm and the wide angle from normal incidence to almost 60 o . We fabricated the SiNWs with a heat evaporation method using a tube furnace. An alumina tube with an opening at one end was located inside a horizontal furnace. Silicon powder placed in a crucible, with a silicon substrate covering the top of crucible, was pushed to the end of the alumina tube. The pressure inside the tube was kept at 8Pa until the temperature reached 900 o C, then pumping was stopped to continue heating up to 1200 o C, keeping this temperature for 4h. After evaporation, silicon wafer was removed together with crucible until furnace cooling to air temperature. Fig. 1 shows the cross-sectional schematic diagrams of SiNWs core-shell structure. The nanostructure of the SiNWs was investigated by Field Emission Scanning Electron Microscopy (SEM) and High Resolution Transmission Electron Microscopy (HRTEM). Optical properties were measured at room temperature with a UV-3010 Spectrophotometer in the range of 400nm to 900nm. Fig. 2 shows the typical SEM image and HRTEM of core-shell SINWs on the surface of silicon wafer. The morphology of SiNW consists of typical core-shell structure and has been studied in several references 34-37, where laser ablation and evaporation methods were adopted in the heat treatment of the mixture of silicon powder and silica powder, the silicon oxide was assisted as catalyst in the growth of SINW. In our fabrication process, we didn't add any silicon oxide in our reactant; similar core-shell structure was still obtained in the end. During the heating process, the surface of silicon wafer was oxidized by residual oxygen. The resulted silicon oxide doesn't cover whole surface of silicon wafer, due to limited oxygen contention. When the temperature is above 900 o C, some silicon powder begins to evaporate as silicon vapor. The exposed silicon surface also evaporates, leaving some pore on the silicon surface. The silicon vapor may be oxidized by the residual oxygen from the ambient air atmosphere. After the holding process ends, the temperature in the furnace is decreased. The degree of sub cooling will provide a driving force for the nuclei of silicon. The nuclei process is accompanied with the decomposition of silicon oxide formed at the high temperature. The decomposition has been studied when discussing the mechanism of the nucleation and growth of SiNWs. 2Si 37 The decomposition prompts the silicon precipitation from the silica, resulting in the silicon nuclei surrounded by silica.
The core-shell SiNW structure has an optical property as broadband and wide angle antireflection layer. We measured the reflectance of the core-shell nanowire structure at the wavelength range from 400nm to 900nm and the angle from normal incidence to wide angle 60 o . The reflection measurement results were illustrated in Fig.3. Fig 3(a) is the imaging comparison of the two samples (w/o SiNW core-shell structures): the left one is the silicon wafer covered with dense SiNWs, and the right one is original silicon wafer as a reference sample. The reference sample is mirror-like with a shining surface and higher reflectivity. The sample with core-shell SiNWs has a darker surface, demonstrating enhanced absorption due to suppression of reflection from the surface. From this comparison, we can clearly see that the sample with SiNWs absorbed more light compared to the bare silicon wafer. Fig. 3(b) is the measured reflectance of these samples under normal incidence. In our measurement, all reflected light from the sample which was scattered is collected by the integrating sphere and measured by a photodetector covering the wide solar spectrum wavelength range. The reflectivity from the silicon wafer covered with SiWNs is reduced significantly compared to the reference sample without nanowires.
As the sun moves relative to the solar cell surface, the angular dependence of the antireflection properties can vary significantly, it is strongly desirable to make an antireflection surface independent of incident angle. The angular measurement was also investigated in detail. Fig.4 shows the results of reflectance at wide angle from normal incidence to almost 60 o , Fig.4(a) is the reflectivity for the reference sample and Fig.4(b) is for the sample with core shell SiNW structure, which demonstrates that our structure has antireflection properties not only at normal incidence light within the whole visible wavelength range, but also within the wide incident angle from normal incidence to almost 60 o .
Randomly poised nanowires greatly increase the incident angle tolerance of the light, increasing the chance of internal reflection inside the nanowire and making incident light form wide angle scattering into the absorption layer. Therefore, the random core shell SiNW structure exhibits broadband and wide angle antireflection within the AM1.5 solar spectrum. The initial results of our work on core shell Si nanowires suggest the future studies on some key parameters, like the diameter, thickness, height, periodicity v.s. randomness, and how we can design and engineer the core shell structure, will be very interesting to explore further. To achieve these goals, in our near future works, we are planning to develop our fabrication technique so that the ordered core-shell nanowire structure can be achieved and the differences between the ordered core-shell nanowires and randomly ordered core-shell nanowires can be compared.
In summary, we have demonstrated silicon nanowires with a core-shell structure for potential large area photovoltaic cell applications. The core-shell SiNWs increase the light trapping not only in broad solar spectrum wavelength range but also with relatively large angle independence. The fabrication process is simple, cheap and can be potentially used in large scale manufacturing. The graded index from the core-shell (Si/SiO x ) nanowire structure provides a natural antireflection characteristic and provides a potential new avenue to fabricate a broadband and wide angle antireflection layer for next generation photovoltaics and renewable energy applications.
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